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ANTHROPOGENIC
IS LOCAL AIR POLLUTION HAVING A 
GLOBAL IMPACT?

Distribution of Chinese and Indian SO2 emissions (Lu et al., 2011).

Coal fired power plant
Source: Arnold Paul

Adapted from 
Park et al. (2009)

5 model years

Base: 
2000 Repeating 

Volcanic

Anthropogenic

10 model years

“2000” “2010”

Spin-Up 

2000 2001 2002 2003 2004 2005 2006 2007 2008 20090

5

10

15

Model YearSO
2 (T

g,
 A

bo
ve

 20
00

 E
m

iss
io

ns
) 

 

 

  Observed India Emissions
  Observed Chinese Emissions

Trends in Stratospheric Aerosol: R. R. Neely III1, 2, 3,, O. B. Toon1, 4,              
S. Solomon5, J. P. Vernier6,7, C. Alvarez2,3,     
J. M. English8, K. H. Rosenlof2,M. J. Mills8,  
C. G. Bardeen8, J. S. Daniel2, J. P. Thayer9ANTHROPOGENIC OR VOLCANIC?

WHY CARE ABOUT STRATOSPHERIC AEROSOL?
✦ As much as 25% of the radiative forcing driving global climate 

change from 2000 to 2010 may have been counterbalanced by 
the increases in stratospheric aerosol loading. 

✦ Stratospheric aerosol impacts heterogeneous chemistry 
involving catalytic cycles affecting the ozone layer.

✦ Currently, anthropogenic SO2 is the dominant source (~80%) of 
sulfur in Earth’s atmosphere. 

RESULT

OBSERVATIONS OF INCREASING AEROSOL

SUMMARY

METHOD: MODEL AEROSOL FROM SEPARATE SOURCES AND COMPARE TO OBSERVATIONS

HYPOTHESES

✦ Observations suggest stratospheric aerosol has increased 
4-7% per year from 20 km to 30 km since 2000, which is 
significant for Earth’s climate. 

✦ Observations alone cannot partition the influence of 
anthropogenic emission of SO2 from China and India from 
moderate volcanoes. 

✦ Here we use a global climate model coupled to an aerosol 
microphysical model to partition the contribution of each. 

✦ Moderate volcanic eruptions are the primary source 
of the observed increase in stratospheric aerosol, 
not Chinese and Indian emissions.

✦ While a volcanic signal is clear in observations, it 
is not possible to separate out the anthropogenic 
influence on the total observed variability.
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Model Details:

Experiment Setup:

Total annual change in Chinese and 
Indian SO2 emissions added to the 
anthropogenic model runs.                 

Example SO2 profile 
used to represent 
the emission from a 
volcanic plume in 
model runs. 

Ryan.Neely@colorado.edu

Three model emission scenarios:
Base: Year 2000 emissions repeated.
Volcanic: Base model emissions plus the SO2 
plumes from the 13 largest volcanoes from 2000 
to 2010.
Anthropogenic: Base model emissions plus the 
observed increases in Chinese and Indian 
emissions.

ilar future changes in the optical depth of strato-
spheric aerosol could affect global climate change.
The tropical and global satellite data together
with the suite of different Mauna Loa observa-
tions suggest a decrease in global radiative forc-
ing (Fig. 3) over the past decade. The model has
been extensively compared to other Earth sys-
tem models of intermediate complexity as well
as to Atmosphere-Ocean General Circulation
Models [AOGCMs, see (28)]. The transient
climate response (TCR) of the model employed
here is slightly less than the mean of models
assessed by the Intergovernmental Panel on
Climate Change (2); the “very likely” range of
TCR across climate models suggests that the
absolute effects of the stratospheric aerosol
changes on climate considered below could be
greater by about 80% or smaller by about 40%.
However, the relative climate change impact of
stratospheric aerosols over a decade as compared
to other forcings, such as that of CO2, is not
affected by the model TCR. Although it is sim-
plified compared to AOGCMs, the Bern model
can be used to examine very small forced global
temperature changes that could be difficult to
quantify in AOGCMs against the computed noise
of internal variability.

A radiative forcing time series of well-mixed
greenhouse gases and tropospheric aerosols (25)
was used to provide a baseline model scenario
against which test cases, including different strato-
spheric aerosol radiative forcing changes for the
past and future, were compared. Figure 4 shows
that the observed increase in stratospheric
aerosol since the late 1990s caused a global
cooling of about –0.07°C as compared with a
case in which near-zero radiative forcing is
assumed after year 2000, as in the forcing data
sets often used in global climate models. Figure
4 shows that stratospheric aerosol changes have
caused recent warming rates to be slower than
they otherwise would have been. Although sub-
ject to much more instrumental uncertainty, Fig.
4 also suggests that the underlying increase in
the background aerosols from the very low val-
ues indicated by observations around 1960 to
the higher levels observed around 2000 prob-
ably reduced the global warming that would
otherwise have occurred between 1960 and 2000
by about –0.05°C. Such changes in integrated
radiative forcing also affect calculated thermal
sea-level rise rates (29). For the decade from
2000 to 2010, the observed stratospheric aerosol
radiative forcing from satellites yields about 10%

less sea-level rise from thermal expansion than
obtained when a background near zero is as-
sumed as in (26), about 0.16 cm versus 0.186
cm; the data presented in Fig. 3 provide a basis
for further study of these effects since 1960. In
summary, although the values of radiative forc-
ing due to the changing stratospheric aerosol
amounts are small as compared to, for example,
colossal eruptions or tropospheric pollution aero-
sol, they nevertheless can provide a significant
contribution to the forcing changes that drive
climate changes, particularly on decadal scales.

Future changes in stratospheric aerosols are
unknown because the frequency and intensity of
minor volcanic eruptions may be greater or less
than in the past decade (Fig. 1), and future trends
in anthropogenic SO2 emissions as well as their
ability to contribute to the stratospheric aerosol
layer remain uncertain. Figure 4 shows several
test cases probing a range of plausible changes
that could occur in the coming decade to 2020.
The figure demonstrates that climate model sce-
narios that neglect the changes in background
stratospheric aerosols relative to the year 2000
should be expected to continue to overestimate
radiative forcing changes and the related global
warming in the coming decade if the stratospher-
ic aerosol burden were to remain constant at cur-
rent values or continue to increase. On the other
hand, if stratospheric aerosols were to decay
back to their 1960 levels within the next decade,
then the rate of warming would be faster, and
the global average temperature is estimated to be
0.06°C greater by 2020. It should be emphasized
that additional contributions to global climate
variations of the past and future decades such
as from solar variations, natural variability, or
other processes are not ruled out by this study.

With the availability of improved satellite,
lidar, and ground-based data, the past decade
has provided an opportunity to document the im-
portance of changes in background stratospheric
aerosols in the absence of major volcanic erup-
tions. The changes in the stratospheric aerosol
layer have probably affected the observed rates
of decadal warming over the past decade, high-
lighting the importance of the variable strato-
spheric aerosol layer for past and future decadal
climate predictability.
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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Adapted from Solomon et al. (2011), 
The Persistently Variable “Background” Stratospheric Aerosol Layer 

and Global Climate Change, Science.
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WHAT IS CAUSING THE INCREASE IN AEROSOL?

✦ Satellite and ground observations reveal the variability of 
the stratospheric aerosol layer from 2000 to 2010.

✦ Linear fits suggest an increase in aerosol optical depth 
of 4-7% per year.

VOLCANIC
OR, ARE SMALL VOLCANOES, ONCE IGNORED, 
COINCIDENTALLY CREATING A TREND?

Adapted from Image Science and Analysis 
Laboratory, NASA-Johnson Space Center. 

Maximum observed 
injection height and 
total column SO2 of 
the largest volcanic 
eruptions form 
2000 to 2010.

Sarychev Peak, Kuril Islands, 2009 

Asian monsoon provides 
gateway to stratosphere
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Corrigendum to

“Microphysical simulations of new particle formation in the upper
troposphere and lower stratosphere” published in Atmos. Chem.
Phys., 11, 9303–9322, 2011
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In the paper “Microphysical simulations of new particle
formation in the upper troposphere and lower stratosphere” a
wrong Fig. 1 has been inserted. Here you can find the correct
Fig. 1.

Fig. 1. Diagram of the WACCM/CARMA Model. WACCM simu-
lates emissions, chemistry, dynamics and wet deposition. CARMA
simulates nucleation, condensational growth, coagulation, and sed-
imentation.
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Adapted from English et al. (2011)
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Adapted from Lu et al.,(2011).

Inputs:

✦ Chinese and Indian emissions have driven the 
global emission of SO2 since 2000.


